ABSTRACT
INTRODUCTION
Studies of the volcanic rocks of the Hawaiian Islands over the last 50 years have provided a wealth of data that have greatly influenced current concepts of volcanism and of crust and mantle evolution. The Hawaiian Islands also have figured prominently in development of certain aspects of plate tectonic theory, particularly the hot-spot hypothesis. According to this hypothesis, linear volcanic island chains, such as the Hawaiian Islands-Emperor Seamount volcanic chain (Figure 1) , are produced as a crustal plate moves relative to a source of magma in the asthenosphere. A volcano forms above the hot spot, is eventually moved away from the magma source, and a new volcano is formed on the sea floor behind it. The hypothesis was first proposed by Wilson (1963a, b) to explain the origin of the Hawaiian Islands and other northwest-trending island chains in the Pacific Ocean. He suggested that the source of magma is in the stable core of a convection cell, and that the source is moving horizontally more slowly than the near surface part of the cell. Christofferson (1968) subsequently coined the term "hot spot," which he visualized as a stationary magma source at the top of an ascending convection current in the mantle. He suggested that volcanic islands were produced by magmatic pulsations from the hot spot. Morgan (1972a, b) further developed the hypothesis by suggesting that hot spots are the surface manifestations of deep mantle plumes that are fixed in location relative to each other and provide the driving force for sea-floor spreading. According to Morgan, the hot spots are the source of material erupted as volcanic rocks.
The corollary that the ages of volcanoes in a linear island chain increase progressively from one end to the other has been tested extensively in the Hawaiian-Emperor Chain by a number of geochronologic studies. Twenty-seven individual volcanoes are now dated; the Jackson et al. (this volume) .
results are consistent with an average volcanic propagation velocity of about 8 cm/year, from the active volcano of Kilauea on the island of Hawaii to 65-m.y.-old Suiko Seamount in the Emperor Chain (Dalrymple et al., this volume) . In addition, paleomagnetic studies of basalt drill core from Midway Atoll (Grommé and Vine, 1972) , Suiko Seamount (Kono, this volume), and Meiji Guyot (Marshall, 1978) indicate that the Hawaiian hot spot has been in the general vicinity of its present latitude for the past 65 m.y., and that the volcanoes have been carried northwestward by motion of the Pacific plate relative to the hot spot. Rb-Sr systematics provide a different type of test of the Hawaiian hot spot. If, as Morgan suggests, the source of the magma is a deep mantle plume, then we would expect the chemistry of the derivative lavas to be relatively constant through time, or at least to evolve in a systematic way. The isotopic composition of Sr in basalts from the Hawaiian-Emperor Chain is a sensitive indicator of the chemical constancy of the source region for the basalts that form the Hawaiian-Emperor volcanoes. The principal objectives of this study were to use Sr isotope relationships as a tracer in determining (1) whether there is a pattern in the Sr isotopic compositions that documents either homogeneity or change in the source region for Hawaiian volcanic rocks during the past 65 m.y., and (2) whether there is a difference in the isotopic composition of Sr in tholeiites and alkalic basalts from the same volcano that might yield information about whether the source regions for the two basalt types are the same or different.
PREVIOUS Rb-Sr STUDIES OF HAWAIIAN VOLCANIC ROCKS
Several Hawaiian volcanic rocks were included in early investigations, most of which were for purposes of reconnaissance, where radiogenic Sr was used as an isotopic tracer to study geologic processes. No detailed study of the Sr isotope systematics of Hawaiian volcanic rocks has been undertaken; published data include samples from only 8 of the 15 volcanoes that comprise the main Hawaiian Islands.
Approximately 110 Sr isotopic analyses of Hawaiian volcanic rocks have been reported previously. A number of these analyses were made by different investigators on the same samples. Most of the data from rocks of the tholeiitic and alkalic suites from the main shield volcanoes are compiled in Table 1 . Results for a few samples that cannot be related to an individual volcano have been omitted. Data for the nephelinic basalts of the Honolulu Volcanic Series on Oahu are not included, because these rocks are not part of the main shield-building stage of the volcanoes. Nearly all of the approximately 30 Sr isotopic measurements on rocks of the Honolulu Volcanic Series were made in detailed studies by Powell and DeLong (1966) and Lanphere and Dalrymple (in press) .
The data in Table 1 Figure 2 ). These data do not show any sytematic difference in Sr-isotopic composition between basalts of the tholeiitic and alkalic suites. As a whole, the data suggest an average 87 Sr/ 86 Sr ratio of about 0.704 ± 0.001 for basalts from the main Hawaiian Islands.
SAMPLES STUDIED
Seventy samples of basalt from 22 volcanoes in the Hawaiian-Emperor chain were analyzed in this study ( Table 2) . Locations of these volcanoes are shown schematically in Figure 1 ; a more detailed index map of the Hawaiian-Emperor chain is given in Jackson et al. (this volume) . Macdonald and Katsura (1964) classified the basalts erupted from volcanoes on the main Hawaiian islands into three groups which, in order of eruption are (1) a tholeiitic suite that forms the bulk (>99%) of the shield volcanoes, (2) an alkalic suite that forms thin caps on the shields shortly after caldera collapse, and (3) a nephelinic suite that is erupted from satellite vents after a prolonged period (2 to 5 m.y.) of quiescence and erosion. Basalt samples recovered from the western Hawaiian Ridge and the Emperor Seamounts are similar chemically and petrologically to those in the main Hawaiian Islands (Clague, 1974; Clague et al., 1975;  Average of 2 measurements on one sample. Average of 2 measurements on one sample. Average of 6 measurements on one sample. Average of 6 measurements on one sample. Average of 2 measurements on one sample. Average of 2 measurements on one sample. Not adjusted to a standard. Not adjusted to a standard. Average of 2 measurements on one sample.
Average of 2 measurements on one sample. Average of 2 measurements on one sample. Average of 2 measurements on one sample. Average of 2 measurements on one sample. Kool,
Clague et al., this volume). The basalt samples in this study include 37 from the tholeiitic suite, 28 from the alkalic suite, and 5 from the nephelinic suite. Both tholeiitic and alkalic basalts were analyzed from 8 volcanoes. Twenty-eight of the samples are from outcrop, 22 are from dredge hauls, and 20 are from drill cores. Three of the latter group are from Midway Atoll (Ladd et al., 1967 (Ladd et al., , 1970 ; the other 17 are from sites drilled during DSDP Leg 55.
ANALYTICAL TECHNIQUES
The size of samples varied considerably. For samples from DSDP Leg 55, approximately 70 g of basalt was powdered and a split of about 5 g used for K 2 O, Rb, and Sr measurements. For the HIG, TSDY, and A7 suites, Rb and Sr measurements were made on aliquants, weighting several grams, that were split from powdered material used for other chemical analyses. For the remaining samples, 25 g or more of basalt were powdered and used for Rb and Sr measurements. The samples of basalt were pulverized to less than 0.074 mm. Rb concentrations were measured by X-ray fluorescence or atomic absorption spectrophotometry; Sr concentrations were measured by either X-ray fluorescence, atomic absorption spectrophotometry, or isotope dilution. For Rb measurements, the standard deviation of analytical precision is estimated to be about ±6.8 per cent for samples analyzed by W. P. Doering (Doering, 1968) , ±3 per cent for those .analyzed by D. A. Clague (Clague, 1974) , and ±2 ppm if Rb < 15ppmand 3ppm if Rb > 15ppm for samples analyzed by J. Morris. For Sr measurements, the standard deviation of analytical precision is estimated to be about ±6.5.per cent for samples analyzed by W. P. Doering using X-ray fluorescence (Doering, 1968) , ±3 per cent for samples analyzed by D. A. Clague using atomic absorption spectrophotometry (Clague, 1974) , and ±1 per cent for samples analyzed by A. L. Berry using isotope dilution.
The isotopic composition of Sr was measured on unspiked aliquants of the powdered basalt. Mass spectrometry was done with an automated 30.48-cm-radius, 90°-sector, single-collector instrument utilizing a triplefilament source and digital data acquisition.
The measured 86 Sr/ 88 Sr ratios were normalized to a value of 0.1194 to determine the instrumental discrimination. Half this discrimination correction was applied to the measured 87 Sr/ 86 Sr ratios to obtain normalized ratios. The normalized 87 Sr/ 86 Sr ratios were then adjusted to a value of 0.71014 for the NBS 987 SrCO 3 standard, which is the value obtained on the same mass spectrometers which yield a value of 0.7080 for the older Eimer and Amend SrCO 3 standard. Twenty analyses of the NBS 987 standard made during the course of this study yielded a mean 87 Sr/ 86 Sr ratio of 0.71023 with a standard deviation of 0.00011 and a standard deviation of the mean of 0.00002. Each Sr composition data set for a basalt sample consisted of 12 mass scans which then were averaged and corrected for discrimination. An individual experiment generally consisted of 2 to 4 data sets (that is, n = 2 to 4). The 87 Sr/ 86 Sr ratio for an experiment (Table 2) is the mean of the values for individual data sets, and the error is the square root of the sum of the squares of the standard deviations of individual data sets divided by the number of data sets. For example^the basic data for Sample 430A-4-2, 110-118 cm, from Ojin Seamount, are as follows:
Data Replicate measurements were made on 9 samples; each of these analyses represents a separate dissolution of powdered basalt. The total spread in the 87 Sr/ 86 Sr ratio for these replicate measurements ranged from 0.00001 to 0.00036, and for 7 of the 9 samples was less than 0.00013. Age corrections, based on the K-Ar age of each volcano (Dalrymple et al., this volume) were applied to the adjusted 87 Sr/ 86 Sr ratios of the three samples having Rb/Sr ratios greater than 0.1.
RESULTS
The range in rubidium and strontium concentrations and Rb/Sr ratios for the three volcanic suites ( Sr/ 86 Sr ratios for the tholeiitic suite fall in the range 0.70316 ± 10 to 0.70411 ± 8, for the alkalic suite, 0.70290 ± 15 to 0.70394 ± 9, and for the nephelinic suite, 0.70351 ± 19 to 0.70443 ± 22. The mean value and standard deviation for the 37 tholeiites are 0.70369 ± 0.00028, and for the 27 alkalic basalts are 0.70344 ± 0.00026.
DISCUSSION
Evaluation of the Sr isotopic composition data can be done at several different levels to get at the objectives listed earlier. These levels include (1) variation within a single suite, either tholeiitic or alkalic, from an individual volcano, (2) differences between the tholeiitic and alkalic suites from an individual volcano, (3) variation within either the tholeiitic or alkalic suites along the entire Hawaiian-Emperor chain, and (4) differences between the alkalic and tholeiitic suites along the chain. The sample populations for the first two levels, in particular, are quite small, but some inferences can be drawn.
Three or more basalts from a single suite were analyzed for six different volcanoes. The standard deviation of the 87 Sr/ 86 Sr ratios ranges from 0.00003 to 0.00044. The standard deviations of 8 tholeiites from Koolau Volcano, 4 alkalic basalts from Kδkö Seamount (volcano no. 74), and 5 tholeiites from Suiko Seamount are greater than 0.00010, and for these three volcanoes it appears that the variations in 87 Sr/ 86 Sr ratios reflect small heterogeneities in the source region beneath the volcanoes.
For the entire group of basalts from the Hawaiian-Emperor chain there is a small but significant (at the 99% confidence level) difference in mean strontium composition between the tholeiites and the alkalic basalts. Histograms of these results are shown in Figure 3 . It is obvious from Figure 3 that the strontium isotopic compositions of the two basalt suites do not form normal distributions. However, the means of the samples will have an approximately normal distribution according to the central limit theorem. Thus, differences in means can be tested using standard statistical methods. Derivation of the two basalt types from different source regions in the mantle is a simple way to interpret the differences in mean strontium compositions of the two suites. This conclusion may not be valid, however, because it entails pooling data for volcanic rocks derived over a period of 65 m.y. from a source or sources as yet poorly defined. These ambiguities are removed by separately considering the data for tholeiites and alkalic basalts from each volcano. (1) 0.70349 ± 4 (4) Suiko Seamount 0.70324 ± 7 (5) 0.70313 ± 15 (4) The number of samples from any single volcano is too small to determine with certainty whether the small isotopic differences reflect differences in the source regions of the two basalt types. The Sr isotopic data, as a whole, are consistent with the hypothesis that both tholeiitic and alkalic basalt liquids of a single volcano are derived from a source region having approximately the same Rb/Sr ratio and Sr isotopic composition. As discussed below, however, the Sr isotopic composition of the source region for the Emperor Seamounts is different from that of the Hawaiian Ridge. Tatsumoto (1978) No. 
Tholeiite ( and alkalic basalts from the five volcanoes on the island of Hawaii indicate that the basalts originate from the same source region or closely related source regions, and that the alkalic basalts are fractionation products of tholeiitic magma. The Sr isotopic data are not compatible with this latter conclusion. The five basalts of the nephelinic suite (Clague et al., 1975) probably have no direct relation to construction of the shield volcano (no. 63 of Bargar and Jackson, 1974) from which the samples were dredged if these nephelinic basalts were formed in a manner analogous to the Honolulu Volcanic Series on Oahu. K-Ar ages indicated that the Honolulu Series basalts were erupted from vents at least a million years after the shieldbuilding volcanism had ceased (Lanphere and Dalrymple, in press ). The 87 Sr/ 86 Sr ratios of nephelinic basalts of the Honolulu Series are lower than ratios of tholeiites from the Koolau shield volcano. Relations of the five nephelinic basalts analyzed in this study are not as clear. Two of them have high Rb/Sr ratios (Table 2) , and an age correction had to be applied to the measured 87 Sr/ 86 Sr ratios. The corrections were -0.00092 and -0.00038 for TSDY 3-2-14 and TSDY 3-2-30, respectively. Making an age correction adds additional uncertainty to the initial Sr composition, but this is not serious for these two samples. Since all the nephelinic basalts are from one volcano, it is not possible to characterize this suite as a group comparable to the tholeiitic and alkalic suites.
A question to ask is whether the variation in Sr isotopic compositions within the tholeiitic and alkalic suites represents real geological differences or merely analytical scatter. This can be tested by comparing the standard deviation of the 87 Sr/ 86 Sr ratios for each suite against the estimate of analytical precision (the pooled estimate of standard deviation for replicate measurements), using an F-test. The test results indicate that, at the 99 per cent confidence level, the variations in Sr isotopic composition of both suites are geological, not analytical. That is, although the source regions for the basalts may be similar in isotopic composition, the source regions for individual volcanoes and even individual flow units have variable 87 Figure 5 , where an envelope has been arbitrarily drawn through the maximum and minimum 87 Sr/ 86 Sr ratios measured on samples from an individual volcano. Data from this study and from Hart (1973) and O 'Nions et al. (1977) are included in Figure 5 . Results from other studies are not included, because of lower analytical precision. In the main Hawaiian Islands, the envelope is irregular, reflecting both a greater density of volcanoes and significant differences in Sr isotopic composition between adjacent volcanoes. The envelope is relatively smooth from La Perouse Pinnacles northwestward along the Hawaiian-Emperor chain.
The systematic change in the isotopic composition of Sr in basalts northward from the Hawaiian-Emperor bend is a striking feature. About 43 m.y. ago, the direction of motion of the Pacific plate changed dramatically, and this produced the bend in the Hawaiian-Emperor chain (Dalrymple and Clague, 1976) . The Sr isotopic data suggest that the 87 Sr/ 86 Sr ratios increased between 65 and 43 m.y. ago, when they reached the level that remained about the same as that at present. This pattern must reflect changes in the chemistry of the source region from which the basalts were derived. The age difference between the volcanoes and the oceanic crust on which they were built offers a possible explanation. Unfortunately, there are no magnetic anomaly lineations in the vicinity of most of the Hawaiian Ridge and Emperor Seamounts. However, the synthesis of Hilde et al. (1976) and their late Mesozoic sea-floor spreading model and the reconstruction of Jackson et al. (1978) permit some speculation. The difference in age between volcano no. 63 and the underlying oceanic crust is about 80 m.y., the same difference at the Hawaiian-Emperor bend is about 70 m.y., and the difference at the island of Hawaii is about 90 m.y. This difference seems to decrease progressively along the Emperor Seamounts. For example, the difference in age at Suiko Seamount is about 30 m.y. and at Meiji Guyot is less than 20 m.y. This indicates that the Emperor Sea- Hart (1973), and O'Nions et al. (1977) . mounts were formed closer to a spreading center than volcanoes on the Hawaiian Ridge, and that, within the Emperor chain, the northern volcanoes were formed closer to a spreading center then the southern volcanoes. Suiko Seamount, for example, probably was formed only about 500 km south of the spreading center along the Kula Ridge (Kono, this volume). The 87 Sr/ 86 Sr ratios of basalts from the Emperor Seamounts change progressively from values typical of basalts on the Hawaiian Ridge to values in the direction of mid-ocean ridge basalts (MORB), which typically have 86 Sr/ 86 Sr ratios less than 0.703. These data imply that the Sr isotopic composition in basalts from volcanoes formed closer to the spreading center was, in some fashion, influenced by the age and perhaps thickness of the crust on which the volcanoes were constructed, or by the distance from the spreading ridge.
If it is assumed that the change in Sr isotopic composition in basalts of the Emperor Seamounts continues northward, then the predicted 87 Sr/ 86 Sr ratios of basalts erupted from a volcano located at the spreading center would be 0.7030 to 0.7032. Sr isotopic compositions of this order have been measured for basalts from Iceland , a locus of oceanic island volcanism located on an active spreading center. In the Azores Islands east of the Mid-Atlantic ridge, basalts erupted farther from the ridge have higher 87 Sr/ 86 Sr ratios than basalts erupted nearer the ridge (White et al., 1975) .
The locus of volcanism at the southeastern end of the Hawaiian Islands is the type example of a "hot spot." Although the hypothesis that the hot spot is the surface expression of a thermal plume (Morgan 1972a, b) has received perhaps the most attention, other ideas about the nature of the Hawaiian melting anomaly have been outlined. These include, among others, propagating fractures (Betz and Hess, 1942; Jackson and Wright, 1970; McDougall, 1971) , diapiric upwelling (Green, 1971) , shear melting (Shaw, 1973) , and shear melting stabilized by a downward moving plume of refractory material (gravitational anchor) (Shaw and Jackson, 1973) . All of these ideas can be grouped according to whether the melting anomaly is located in the deep mantle, in the asthenosphere, or in the lithosphere.
Narrow plumes of material rising from deep in the mantle might be expected either to be chemically homogeneous or to change only very slowly, because they result from convection that should mix large volumes of mantle material and thus smooth out at least small-scale variations in composition. If this premise is correct, the composition of material in the rising plume could change gradually as a function of time, but rapid variations should not occur. However, the significant variations in Sr-isotopic composition between adjacent volcanoes, particularly in the main Hawaiian Islands, indicate that the source of the basalt magmas is heterogeneous, not homogeneous, on a short-term time scale and over rather small (intra-hot-spot) distances.
The models involving a melting anomaly in the asthenosphere do not require the region of melting to be chemically homogeneous. If the melting region is fixed relative to the mantle, then the constituents removed and erupted on the surface must be replenished by some mechanism involving lateral or vertical flow, or both, in the asthenosphere. Paleomagnetic evidence cited earlier requires the Hawaiian melting anomaly to have been relatively near its present latitude for the past 65 m.y. The significant variations in the isotopic compositions of Sr and Pb in oceanic basalts (for example, Tatsumoto, 1978) require that the oceanic mantle be heterogeneous in Rb/Sr and U/Pb ratios. If the melting anomaly is replenished by sampling a heterogeneous mantle, then the heterogeneities probably would carry through into the derivative basalts, though the sampling mechanism might tend to homogenize the source region.
Another potential source of magma is the Pacific plate itself as it is translated across a melting anomaly in the asthenosphere. In this case, the melting anomaly (that is, rising plume) is only an energy source that provides the heat required to produce melting in the overlying lithospheric plate. Experimental petrologic evidence for depths at which partial melting occurs to produce basaltic liquids (for example, Green, 1971 ) and the observations of the depth of volcanic tremor beneath Kilauea Volcano (Eaton, 1962 (Eaton, , 1967 are consistent with magma source within the Pacific plate. Hedge (1978) recently suggested that the basalts erupting in the Pacific Ocean basin exhibit a simple geometric pattern which indicates the presence of areas of depleted, enriched, and undepleted mantle beneath the Pacific Ocean. He suggested that many of the oceanic island basalts, including those from the main Hawaiian Islands, are derived from a widespread undepleted mantle layer having a 87 Sr/ 86 Sr ratio of about 0.7034. This, of course, is a broadly averaged value, because the 87 Sr/ 86 Sr ratios actually measured in basalts require sizeable variations in the isotopic composition of Sr in the source region. The data obtained in this study suggest that the averaging of Hedge tends to obscure the detailed evolution of island chains such as the Hawaiian-Emperor volcanic chains.
Trace-element and isotopic data have been used as evidence that the mantle source region for some basalts has been depleted in LIL elements by previous partial melting processes. Tatsumoto et al., (1965) first showed that the Rb/Sr ratios of mid-ocean ridge tholeiitic basalts were too low to generate the observed 87 Sr/ 86 Sr ratios. They concluded that the source region for the basalts had been differentiated (that is, depleted in 87 Rb) at some time since the mantle was initially formed. A Rb/Sr ratio of about 0.025 in the mantle source is required in order to generate the 87 Sr/ 86 Sr ratios measured in Hawaiian basalts. On this basis, about half the basalts in this study were at least in part derived from mantle source regions that were depleted in Rb relative to Sr at some time or times in the past. The other half have undergone shallow fractionation to increase the Rb/Sr ratios. But since the overall chemistry of the basalts is similar, it probably is safe to infer that none of the Hawaiian-Emperor basalts was derived directly from undepleted mantle material.
Numerous workers have noted a positive correlation between 87 Sr/ 86 Sr and Rb/Sr in oceanic island basalts from several areas (Sun and Hanson, 1975; Brooks et al., 1976; Duncan and Compston, 1976; Hedge, 1978) . These workers also suggested that this correlation could be interpreted as a mantle isochron which dates a major differentiation event of the mantle. The Hawaiian-Emperor data do not show this correlation (Figure 6 ). There is little variation between 87 Sr/ 86 Sr in the HawaiianEmperor basalts, so there is essentially no correlation between 87 Sr/ 86 Sr and Rb/Sr. The correlation coefficients for the tholeiitic and alkalic suites are -0.094 and 0.008, respectively; the correlation coefficient for the two suites pooled is -0.163. Even if the concept of mantle isochrons has merit, the Rb-Sr data from the Hawaiian Islands and Emperor Seamounts do not correlate in any way which might be interpreted as showing when the source region for the basalts was established. Paleomagnetic evidence indicates that for the past 65 m.y. the Hawaiian melting anomaly (hot spot) has been near its present location. We think it likely that the melting anomaly is only a thermal energy source (Detrick and Crough, 1978) that produced melting in the overlying lithospheric plate as it moved across the hot spot. Variations in Sr isotopic composition within individual volcanoes and between volcanoes indicate that the source region for the basalts, in this case the lithospheric plate, was quite heterogeneous on a detailed scale.
CONCLUSIONS

